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Abstract 
A Quantitative Microbial Risk Assessment (QMRA) model was developed for contamination events after mains repairs. The 
sensitivity analysis showed that the contamination concentration is the most important parameter, next to the pathogen dose 
response relation. The time of opening valves and of consumption are also important parameters. The event location within the 
network and the amount of consumption are of smaller importance. Issuing a boil water advice and opening only one valve before 
"releasing" the entire isolation section are effective measures to reduce the number of infected people per event by a factor of 2 to 
4. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction 
Distribution system contamination has been responsible for a significant number of waterborne disease outbreaks 
and the proportion of waterborne disease outbreaks associated with distribution system problems is increasing [1]. In 
the USA, distribution deficiencies were associated with approximately 30% of outbreaks in community water systems 
and since 1991 there has been an increased proportion of waterborne disease outbreaks associated with contaminants 
entering the system after treatment [2-4]. In Europe, 31% of 61 studied outbreaks were caused by events in the 
distribution system [5]. While outbreaks highlight the failures in the distribution system, they do not tell the whole 
story because many smaller contamination events are likely occurring on a more regular basis [6]. In general, there 
are multiple types of main breaks that vary in severity and evaluation of risk from the different types of breaks needs 
to be completed [1].  
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Distribution systems are the final component of public water supplies and the last barrier in the water supply 
process. Many events associated with the repair and maintenance of drinking water distribution systems can contribute 
to pathogen contamination, such as replacing a pipe or a negative pressure event when the system must be closed off 
for repairs [7-9]. These failures can lead to loss of physical or hydraulic integrity in systems from a few seconds to a 
few hours for a negative pressure event or from 2 to 6 hours for a water main repair [10, 11]. This can result in short 
term contamination events that can lead to adverse health impacts for customers.  
Assessing the potential health impacts from drinking water contamination events requires understanding the fate 
and transport of contaminants through the distribution system, the exposure of consumers to contaminated water, and 
the response of the individuals to the exposure [12]. The estimation of the potential risk from short-term contamination 
events can be done by Quantitative Microbial Risk Assessment (QMRA) coupled with hydraulic modelling. This 
method was previously used to evaluate the risk from microbial intrusion during negative pressure events that led to 
contamination of distribution systems [13, 14]. In these previous studies, the focus was on contamination through 
transients and the effect of chlorination. For the Netherlands, the most important route of contamination would be 
through the pipe repair scenario and no chlorination is done in the Netherlands.  
Also in the previous studies, the water consumption was assumed to be "known" and the daily intake volume was 
assumed a lognormal distribution (never equal to 0) and to be consumed as one volume. However, individuals could 
ingest water at multiple time points over one day drawn from the tap at several moments during the day. Ingestion is 
generally assumed to be a main contributor to exposure, so accurately characterizing this parameter is important [11]. 
A similar issue, the issue of timing, was previously examined though the use of a hydraulic model combined with 
numerous exposure models to estimate the impact on dose. In this analysis, the authors looked at a variety of exposure 
models, such as ingesting water every hour of the day or during every meal, for the potential impact on dose [12]. 
However, this work did not investigate combining a hydraulic model with an exposure and risk model to look at the 
impact of the number of consumption events on the probability of infection of a pathogen in a community. As the time 
of consumption may be important, the time of the contamination entering the distribution system may also be 
important.  
This paper describes the development and complete sensitivity analysis of a Quantitative Microbial Risk 
Assessment (QMRA) model for contamination events after mains repairs. 
2. Methods and materials 
2.1. Hydraulic model  
An EPANET model is used to simulate the distribution of the contaminated water through the Drinking Water 
Distribution System (DWDS). The model of the town Zandvoort was used. It supplies about 100 homes, 3 larger 
hotels and 3 beach clubs [15]. For this area the demand patterns were generated with SIMDEUM [16]. The residence 
times in this hydraulic model, with these demand patterns, were validated with a tracer test [15]. The SIMDEUM 
demand patterns are further described in Section 2.5. The pattern time step was 5 minutes and the water quality time 
step was 1 minute. There are 56 valves in the system, dividing the network into 44 sections.  
2.2. Overview of the steps in the QMRA model 
Table 1 summarises the model steps. The steps are described in detail in the next sections. There is a specific 
section on the variability in the model and how the sensitivity analysis and effect of possible measures are taken into 
account in the model.  
2.3. The events  
The events that are simulated are contaminations after maintenance on the piped network where valves were closed 
and then opened. The maintenance may be planned work or repair of a failure. During the time of no pressure on the 
network a contamination may have entered the system. Standard procedure is that the isolated section is flushed before 
it is released. Then a 100 ml sample is taken and tested on E. coli and enterococci. A contamination may still be 
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present then. Due to the flushing, a contamination would be diluted in the entire volume of the isolation section. Our 
analysis is focussed on the events where there is a contamination, regardless of their probability.  
Table 1. Overview of model steps. 
Model step Description of step Quantitative model used Variability in model 
Event Contamination after maintenance 
of DWDS (section isolated) 
Pathogen is diluted in total 
isolation section volume 
Type of pathogen 
Concentration of pathogens 
Location in the DWDS (at random or based on pipe 
material and diameter dependent break frequency) 
Distribution Contamination is distributed 
through DWDS 
Hydraulic model (EPANET) Valves opened (all or only one feeding valve) 
Valve opening time 
Consumption Contamination leaves the DWDS 
through customers’ taps 
Drinking water demands 
(SIMDEUM) 
2 different sets of demand patterns 
Ingestion Contamination is ingested by 
people drinking water 
Volume * concentration Time of tapping water for drinking 
Volume of water for drinking 
Number of ingestion moments 
Infection Ingested water infects a person Dose response relation Four different pathogens 
Average and worst case 
Event risk Infection risk per event   
 
We modelled with a contamination load of 104 micro-organisms. This implies that with  an average isolation section 
volume of 3.4 m3 the average concentration of micro-organisms in the simulation is 0.3 per 100 ml.  
The location of the event is connected to the probability of maintenance on the network. This is related to pipe 
material and diameter (Table 2). Since the probability of a single event is not considered, as mentioned before, the 
failure frequencies are only used relative to one another. We assume that planned work on the network follows the 
same relative pipe material and pipe diameter dependency as the repair of failures.  
Table 2. Failure frequency per pipe material (PVC, Cast Iron and Asbestos Cement) and diameter (USTORE data 2011, collected 3 April 2013). 
Diameter  
(mm) 
Failure frequency (#/km.year) 
PVC CI AC 
50 0.017 0 0 
100 0.032 0.123 0.099 
150 0.025 0.049 0.085 
250 0.032 0.043 0.091 
400 0.034 0.015 0.044 
2.4. Distribution 
To define the contamination in the model the following was considered: 
x The starting location is determined by the previous step. A search routine in Matlab® code is used to determine 
in which isolation section this “pipe failure” occurs and thus  ○ which valves are closed for the isolation; ○ which pipe volume is used to dilute the contamination in; ○ which valves are opened after the “repair”. 
x The starting time is determined by a probability function based on valve closure and opening times of 3 Dutch 
water companies.  
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x The simulation time was 3 days.  
In the model  
1. the valves were closed at the randomly picked starting hour,  
2. the contamination was added to a node in this section with a load equal to 104 that was diluted in the section 
volume (Fig. 1A shows the typical concentrations that were simulated),  
3. on the nodes next to all valves extra demands were added to quickly spread the contamination over the section, 
4. after 3 time steps (15 minutes) the valves were opened again and the extra demand was removed, 
5. the normal situation with a contamination was simulated 
In the basic scenario the line for opening valves after unplanned maintenance (Fig. 1B) was used; in the sensitivity 
analysis no time dependence was used (random time over the day).An alternative approach in step 2 was to consider 
a maximum of 107 that was diluted in the section volume. This could occur if 10 L of sewer water with a concentration 
of 106 pathogens per litre [17]. The sensitivity analysis also considered this 103 higher concentration.  
 
       
Fig. 1. A (left) Number of micro-organisms per 100 ml in the simulations. B (right ) Closure and opening times of valves after unplanned (Water 
Company 1, 2012, 349 events; Water Company 2, 2011, 548 events; Water Company 3, 2012, 147 events) and planned maintenance (Water 
Company 1, 2012, 77 events) 
2.5. Consumption 
The demand patterns in the hydraulic model were constructed with SIMDEUM. The same approach was followed 
as in an earlier study [15]. The differences are that in this study no extra demand on the measuring nodes was applied 
and that the base demand of the hotels was fixed. In this study only two sets of SIMDEUM demand patterns were 
applied, where day 1 is used in the basic scenario and day 2 is used in the sensitivity analysis.  
2.6. Ingestion  
The (contaminated) drinking water leaves the DWDS through the customers’ taps. Most of it is flushed in the toilet 
or used in the shower; only a small portion is ingested. Two model variations were considered, viz. the drinking water 
ingestion amount and the drinking water ingestion time.  
The ingestion amount for each person in the study area was modelled as a Poisson distribution on number of 
“glasses” and a lognormal distribution of amount per glass. The Dutch data of the publication by Mons, van der Wielen 
[18] were reanalysed. A Poisson distribution with an average of 1.43 glasses per day (10 per week were reported, this 
means 24% of 0 glasses per day) and a lognormal distribution with P = -3.19 en V = 1.485 (mean = variance = 0.1238 
litre, as from the consumption study) describe the amount of unboiled tap water consumption quite well. A maximum 
of 4.2 litre per person per day was reported in the 1998 study and this was also added as a boundary into the model. 
Since 1998 more people started to drink tap water. We assumed more glasses per day (average of 2.5) and the same 
amount per glass. In the sensitivity analysis the number of glasses was fixed to 1 and to 3 with 300 ml per day. 
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Fig. 2. Examples of probability of consumption over the day. On the left y-axis the probability (for the blue lines); on the right y-axis the 
cumulative probability (for the black lines).The green line illustrates how a random number between 0 and 1 (0.37) is translated to a time of the 
day. A) Total consumption (9:45); B) Consumption at the kitchen tap (13:30); C) Consumption at the kitchen tap, with correction for total 
consumption (16:30); D) Consumption at a specific kitchen tap, at one of the demand nodes in the hydraulic model (9:00) 
The ingestion time for each person in the study area can be set proportional to the total drinking water over the day 
(Fig. 2A), which is a common method, or proportional to the water use at the kitchen tap (Fig. 2B) as suggested by 
Davis and Janke [12]. Because the SIMDEUM demand patterns (Section 2.5) do have times of no consumption there 
is a correction for that on the kitchen tap use over the day as illustrated in Fig. 2C. Another approach could be to 
actually simulate the use of the kitchen tap and use that in the model (Fig. 2D). This is possible with SIMDEUM, but 
was not validated. Our basic scenario used the method of Fig. 2C; in the sensitivity analysis the method of Fig. 2A 
was evaluated. The number of people on a demand node is determined by the total water demand on that node and an 
average water demand of 120 L/person.day [15]. 
2.7. Infection 
The dose response relations were determined from the (D,E) pairs [13] for the hypergeometric function distribution 
for four pathogens (Giardia, Campylobacter, Cryptosporidium and enterovirus). To decrease the computing time the 
median and maximum DR were used in the model.  
2.8. Sensitivity analysis and effect of measures 
Table 3 summarises values in the model steps for the basic scenario and how model input is varied in the sensitivity 
analysis. Some of the variations are connected to possible measures that a water company can take; the effect of those 
is also calculated. The variations in the input parameters in the sensitivity analysis have been described in the previous 
sections. Here we will give some background information on the possible measures.  
Table 3. Summary of the basic scenario and adaptation to it.  
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Model step Variability in the 
model 
Basic scenario Sensitivity analysis Effect of measures 
Event Type of pathogen Campylobacter Giardia, Cryptosporidium, 
Enterovirus 
x 
Location Pipe material and diameter dependence 
(Table 2) 
Random location in the DWDS x 
Concentration 104 per isolation section volume 10 times more, 10 times less x 
Distribution Valves that are 
opened 
All valves of the isolation section are 
opened 
x Only the upstream 
valve is opened 
Valve opening time According to reported times (Fig. 1B) Random time x 
Consumption Demand patterns 
that are used 
Set of SIMDEUM patterns (day 1) Second set of SIMDEM 
patterns (day 2) 
x 
Ingestion Time of tapping 
water 
Proportional to time of use of kitchen tap 
(Fig. 2C) 
Proportional to time of use 
total demand (Fig. 2A) 
x 
Volume of ingested 
water 
Lognormal distributionErrore. L'origine 
riferimento non è stata trovata. 
Fixed volume (0.3 L/cap.day) x 
Number of 
ingestions 
Poisson distribution, O= 2.5 (Sec. 2.6) Fixed number: 1 Boil water advise: 
O = 0.5 Fixed number: 3 
Infection Dose response 
relation 
Median and max of Campylobacter Respective DR for the other 
pathogens 
x 
 
One measure is to open only the upstream valve, instead of releasing an entire section by opening all valves. This 
will contain the possible contamination in a smaller part of the network where only the connections in the previously 
isolated section receive contaminated water. Note that we assume that the closed valves are all functioning well. In 
the model we made sure that all connections did receive water. In case of dependent isolation sections (sections that 
are “behind” another isolation section), more valves were opened than only the upstream one.  
Another measure is to issue a boil water advice. On average 80% of the people would follow this advice [19]. In 
the model we use a reduction of 80% of the number of tappings, i.e. the average number of glasses of unboiled water 
is reduced from 2.5 to 0.5, but the amount of water per glass still follows a lognormal distribution.  
We would like to point out specifically that the concentration in step 1 was not varied in the hydraulic model. 
Rather, it was linearly adjusted after that. This means that for the sensitivity analyses on the type of pathogen, the 
concentration and the ingestion variances, the same basic hydraulic water quality models were used. For the sensitivity 
analyses on contamination location, the opening of valves (which ones and when) and the sets of demand patterns, a 
new hydraulic (and water quality) simulation was performed.  
2.9. Event risk 
The number of people infected was calculated per event. Drinking water companies want to avoid significant risks 
from drinking water, even if this event would only occur sporadically and only affects a few people in the population 
. In the Netherlands a health target of 1 infection per 10,000 persons per year is required for the water after treatment. 
This could be translated to a target of 10-4 risk of infection per event for the exposed population after repairs in the 
distribution system.  
The infection risk for each person in the study area was determined for 200 random events. This means that for 
each event for each person a risk number was calculated. For each event all the risks were summed, and this sum was 
rounded toward the nearest higher integer number, to a maximum and median number of people that would be affected 
by the event. For all 200 events this is then plotted as a cumulative probability distribution. For example, Fig. 3B 
shows that for Campylobacter 60% of the events 19 people or less are infected; 90% of the events infect 30 people or 
less. The maximum number of people infected through a single event is 240.  
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3. Results and discussion 
3.1. Sensitivity analysis 
Fig. 3 shows the results for the sensitivity analysis with the basic scenario of 104 Campylobacter per section volume 
with Monte Carlo simulation from a specific probability distribution for mains break locations, for the times for 
opening valves, for the times for consuming water and specific probability distributions for the  number of 
consumptions and consumption volume. The same sensitivity analysis was done with the basic concentration a factor 
of 103 higher. This effectively means that the dose response relation is 1 – every ingestion of contaminated water 
would lead to an infection. The results are not shown graphically.   
The contamination concentration has a large effect (Fig. 3A). A factor 10 in concentration leads to a factor of 4 to 
5 in number of people infected (determined at the median value). For higher concentrations (DR = 1) the effect is 
much smaller. Comparing 108 per section volume with 107 per section volume shows only an increase with a factor 
of 1.3 in number of infected people. Since the concentration is such an important factor, potential contamination 
concentrations need to be estimated in a better way. Also, the assumption that the contamination is diluted in the total 
isolation section volume is an assumption that needs to be evaluated. Flushing the section may disturb the plug flow 
and ensure a dilution, but this has not been proven yet.  
The dose response relation has a clear effect (Fig. 3B); it is important to determine which pathogen could be present. 
The median and maximum dose response relations show different results. The same results (factors in number of 
infected people) were reached with the 103 higher concentrations sensitivity analysis. 
With respect to the characteristics of maintenance (Fig. 3C) we can see that the time of opening valves has a clear 
effect on the calculated risk. Not taking into account the time of opening valves underestimates the risk with a factor 
of approximately 1.6 (at the median). However, the failure location has little effect on the calculated risk per event. 
The same results (factors in number of infected people) were reached with the 103 higher concentrations sensitivity 
analysis. 
With respect to the consumption characteristics (Fig. 3D) we note that the time of consumption has a clear effect 
on the calculated risk. Not taking into account that the time of consumption is connected with the preparation of meals 
(water use at the kitchen tap) underestimates the risk. However, the number of consumptions has limited effect; setting 
the number of consumptions to a fixed number overestimates the risk. Distributing the ingestion of water over more 
than one glass (over the day) leads to a slightly higher risk. The sensitivity analysis at higher concentrations did show 
the effect of number of consumptions. In that case using one ingestion volume per day led to a 1.7 lower number of 
infections and three ingestion volumes per day led to a 1.3 higher number of infections compared to the Poisson 
distributed number of consumption. This was found in a previous study [20]. The consumption time over the day did 
not have an effect at these higher concentrations.  
The effect of the different sets of SIMDEUM demand patterns (Fig. 3E) is limited (factor of 1.1 at the median 
level), only in the maximum number of people per event, there is some difference. It should be mentioned that in the 
SIMDEUM day2 scenario also the event locations and valve opening times are different (new set of random event 
scenario’s), which may also cause the difference. The same results (factors in number of infected people) were reached 
with the 103 higher concentrations sensitivity analysis. 
3.2. Effect of measures 
The measures of limiting the contamination to a small amount of the network by opening only the upstream valve 
and issuing a boil water advice are very effective (Fig. 3F). The measure of the one sided feed is standard procedure 
in the Dutch approach [21]. The one sided feed reduces the number of infected people with a factor 2 (at low 
contamination concentrations, (Fig. 3F) to 4.5 (at high contamination concentrations). The issuing of a boil water 
advisory in the Netherlands is typically only done when there are indications of potential contamination during work 
such as the proximity of a sewer line and after a positive E.coli sample. The boil water advisory with a reduction of 
80% in unboiled water consumption (factor 5 in ingestion) reduces the number of infected people with a factor 4. The 
combination of the two measures will even further reduce the number of infected people. 
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Fig. 3. Sensitivity analysis of the number of people affected per event where the solid line is the median infection risk and the dotted line is the 
maximum infection risk. A) for different concentrations of Campylobacter. B) for four different pathogens; C) for events without a preference in 
failure location (no pipe diameter and pipe material dependence of failure probability) and without a preference in failure time (opening times of 
valves is not weighted over the day); D) the amount of consumption fixed to either 1 or 3 glasses and with a preference time correlated with total 
water demand (Fig. 2A) instead of use at the kitchen tap (Fig. 2C); E) for demand pattern sets 1 and 2. F) Effect of measures on the number of 
people affected per event for the measures of opening only one valve and thus creating a single side feed and of issuing a boil water advice. 
4. Conclusions 
A stochastic Quantitative Microbial Risk Assessment (QMRA) model was developed to calculate the infection risk 
of contamination events after mains repairs in the drinking water distribution system. All steps in the model were 
quantified, including their variation and uncertainty. The sensitivity analysis showed that the contamination 
concentration is the most important parameter. The time of opening the valves and the time of consumption are also 
important parameters. The event location within the network and the amount of consumption are of smaller 
importance. Issuing a boil water advice and opening only one valve before "releasing" the entire isolation section are 
effective measures to reduce the number of infected people per event. 
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